Analysis methods to predict the open-hole tensile and compressive response of thin-ply non-crimp fabric laminates are investigated in this paper. The point-and average-stress models and the Finite Fracture Mechanics model are used. It is shown that all models predict with reasonable accuracy the observed size effects in both tension and compression. The Finite Fracture Mechanics model, which requires two material properties (the unnotched strength and the fracture toughness) and does not need calibration from a baseline specimen, is used to predict the notched response of thin-ply non-crimp fabric laminates and of typical aerospace grade laminates based on unidirectional preimpregnated plies. No substantial differences in notch sensitivity and inherent material/geometry brittleness is predicted.
Introduction 1
Tow-spread thin-ply laminates are a new class of composite materials with particular interest for 2 the aircraft industry. These laminates are based on flat and straight plies with dry ply thicknesses 3 as low as 0.02 mm, obtained by continuously and stably opening fiber tows in a pneumatic device. 4 Thin-ply laminates have several advantages with respect to traditional laminates. In a previ-5 ous work [1] , an extensive experimental test program was conducted to investigate the mechanical 6 response of thin-ply laminates, including notched strength, size effects, brittleness, and bearing 7 strength. It was concluded that the spread tow thin-ply technology is able to produce laminates 
Strength prediction model

26
The model recently proposed by Camanho et al. [3] , which is based on the concept of Finite
27
Fracture Mechanics (FFMs) originally developed by Leguillon [4] and Cornetti et al. [5] , results in 28 improvements over the traditional strength prediction methods (see refs. [3, 6, 7] for comparisons).
29
The FFMs model assumes that crack propagation occurs when a stress-based criterion, similar to 30 Whitney and Nuismer's AS model [2] , and an energy-based criterion are simultaneously satisfied, and 31 considers that failure occurs by the propagation of kinematically admissible cracks with finite sizes.
32
The strength predictions using the FFMs model can be obtained in a few seconds, without the need 33 to use finite element analysis (FEA) or complex computational methods, using only independently 34 measured material properties: the laminate unnotched strength (X L ) and fracture toughness (K Ic ) [3] .
36
Since there are no standard test methods to measure the laminate fracture toughness, Camanho 37 et al. [3] propose the use of the FFMs analysis of the specimens with a central crack, as shown in 38 figure 1. These specimens are particularly suitable due to the simplicity of the geometry and data elliptical openings with high aspect ratios, which more closely resemble the elliptical notch than the 46 theoretical crack (which has zero notch tip radius that cannot be obtained experimentally) [8] , the stress distribution for a central elliptical notch is used to solve the FFMs stress-based criterion. Also,
48
by using the stress distribution for a central elliptical notch, the stress singularity at the crack tip 49 is avoided and a finite stress concentration is considered, which more closely approximates the real 50 problem.
51
[ Figure 1 about here.]
52
According to the FFMs model [3] , failure in a specimen with a central crack (figure 1) occurs 53 when the following system os equations is satisfied:
where σ yy (x, 0) is the stress distribution along the x-axis, K I (a) is the stress intensity factor (SIF),
55
and l is the crack extension at failure.
56
Assuming that the normal stress profile for a finite plate is identical to that for an infinite plate 57 except for a finite-width correction (FWC) factor, the stress distribution along the x-axis, σ yy (x, 0), 58 is given as [8] :
where K 
where σ ∞ is the remote applied stress, and the parameters λ and γ are defined as:
For quasi-isotropic laminates, K ∞ T = 1+2/λ, and equations (4) and (5) get considerably simplified.
66
The stress profile around a central notch is the same for tension and compression, and the same 67 solution will be used in the calculation of fracture toughnesses in both types of loading. U-shaped notch, as can be observed. Consequently, this is the approach followed in the present work.
86
[ Figure 2 about here.]
87
The SIF solution K I (a) needed to solve the energy-based criterion corresponds to a central notch that is extended by two cracks of finite dimension, which can be reasonably approximated by a plate 89 with a central crack. For an isotropic plate, K I (a) is given as:
where Y is the FWC factor. Several FWC factors exist in the literature. In this work, the simple 91 FWC factor proposed by Chen et al. [9] is used. This FWC factor was derived from a force balance
92
between the remotely applied stress and the internal stress in the elastic material in front of the 93 crack tip, and it is given as:
Note that, by including finite-width corrected solutions for the stress distribution and for the SIF and by approximating the central notch by an elliptical opening instead of a crack, the overall proposed in the present paper to calculate the fracture toughness or with the solution shown in [3] 104 could be noticeably higher if using center-notched specimens with lower width to notch length ratios
105
(W/(2a)) and/or notches obtained with larger milling cutters (and therefore lower aspect ratios). 
Notched strength predictions 107
The material investigated by Arteiro et al. [1] , and whose notched response in further anal- 
113
The test results obtained in [1] for the open-hole tension specimens with a 6 mm diameter hole Figure 4 shows the notched responses in tension and compression of the thin-ply laminates studied 139 in this work, obtained using FFMs analysis, in terms of the normalized notched strength, defined as
In addition, figure 4 shows [3] . This dimensionless parameter is defined as:
where l is the crack extension at failure and R is the hole radius [3] . laminates [6] . For the notched response in tension ( figure 7(a) ), the thin-ply NCF lay-up 2 is clearly 195 less notch sensitive than the remaining laminates, since its notch sensitivity factor is the lowest.
196
This effect is emphasized for large hole diameters. These results also indicate that, for the notched 
218
When subjected to compressive loading, a different picture applies. In this case, the NCF thin-ply 219 laminates exhibit higher notch sensitivity than the corresponding T800/M21 laminates. 
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